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The thermal accommodation coefficient is a measure for the quality of thermal energy exchange between gas
molecules and a solid surface. It is an important parameter to describe heat flow in rarefied gases, for exam-
ple, in aerospace or vacuum technology. As special application, it plays a decisive role for the thermal trans-
port theory in silica filled vacuum insulation panels. So far, no values have been available for the material
pairings of silica and various gases. For that reason, this paper presents thermal conductivity measurements
under different gas-pressure conditions for precipitated and fumed silica in combination with the following
gases: helium, air, argon, carbon dioxide (CO2), sulfur dioxide (SO2), krypton, and sulfur hexafluoride (SF6).
Additionally, a calculation method for determining thermal accommodation coefficients from the thermal
conductivity curves in combination with the pore size distribution of silica determined by mercury intrusion
porosimetry is introduced. The results are compared with existing models.
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Vacuum insulation panels are high-performance thermal insula-
tions, which offer an extremely high thermal resistance with a very
small space requirement. Their function is based on the so-called
Knudsen effect, which presupposes that the mean free path length of
the gas molecules is in the same order of magnitude as the pore size
of the solid structure. By using nanoporous materials such as silica
and/or applying a vacuum this can be achieved. In this way it is possi-
ble to reduce the amount of heat transferred through the gas phase to
a negligible amount. It is well known that the Knudsen model [1] can
be used when the gas thermal conductivity in evacuated porous
materials is considered [24]. This is important when the gas flow is
in the transition region, where the pore size x is in the same order of
magnitude as the mean free path of the molecules L. There are, how-
ever, two difficulties with the calculation of gas thermal conductivity
in vacuum insulation panels. The first one is that especially for silica-
based materials with spherical particles a strong coupling between
the solid and the gaseous thermal conductivity needs to be taken into
account. This coupling differs significantly for different silicamaterials but can be estimated as a function of the porosity, at least
for precipitated silica. That was shown in the previously published
paper [5]. The second problem, which is examined in more detail in
the present publication is, that the Knudsen model requires the ther-
mal accommodation coefficient (TAC) a. The TAC is a measure for the
quality of energy exchange between the gas molecules and the solid
surface. In a manner of speaking, it describes the boundary condition
for the flow of gas molecules in the slip and transition flow regimes
[6]. It was Maxwell [7] who first introduced the idea that a fraction a
of gas molecules is remaining in thermal equilibrium with the surface
while the remaining part a -1 is scattered. Later, Smoluchowski [8]
verified the suggestion experimentally when he found a temperature
jump at the solid-gas interface. The term “thermal accommodation
coefficient”, however, was first used by Knudsen [1]. He defined it as




where T1 is the mean temperature of the molecules before colliding
with the solid surface and T2 and T20are the temperatures of the mol-
ecules scattered and fully accommodated to the surface respec-
tively. Especially for rarefied gases where individual collisions of
single gas molecules with the surface are more important than at
continuum conditions, the AC is not negligible [9]. Due to the fact
that a is a function of many parameters, like the kind of gas, the
Nomenclature
Symbols
dkin kinetic diameter of molecules, m
f coupling effect factor, -
kB Boltzmann constant, J/K
Kn Dimensionless Knudsen number, -
L mean free path of molecules, m
M molar mass, g/mol
p pressure, mbar
R gas constant, J/Kmol
T temperature, K
V volume, m3
x pore size, m
a accommodation coefficient, -
b dimensionless coefficient for gaseous conductivity
calculation, -
k adiabatic coefficient, -
λ thermal conductivity, W/mK
λ' thermal conductivity of a single pore, W/mK





max maximum / end of intrusion
r radiative
s solid
sr solid and radiative
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roughness, it is nearly impossible to find data for every occurring
problem. It is well known that thermal accommodation increases
with increasing surface roughness, because gas molecules do more
than one collision, on the average, before leaving the surface [10]. In
addition, an increasing molar mass of the gas molecules leads to an
increasing a, because of the lower velocity and therefore longer res-
idence time of the molecules at the surface [11], but the accommo-
dation coefficient is generally independent of the gas pressure [12].
Thus, TACs are reasonably constant for a given gas and surface com-
bination [13]. Some models exist to describe the TAC based on clas-
sical mechanics [1416] or quantum mechanics [1719], but they
either require very detailed information about the solid surface con-
dition [20], which is difficult to access in nanoporous materials, or
are only valid for extreme clean surfaces which do not occur in prac-
tice. For that reason many authors assume a = 1 when calculating
gas thermal conductivity in porous silica materials which are filledTable 1
Examples of thermal accommodation coefficients for different solid-gas pairings from the lit
Solid Gas Thermal accommodation coefficient
Tungsten (extremely clean surface) Argon 0.2357








304 stainless steel Nitrogen 0.8
Argon 0.87
Helium 0.36 (machine finish), 0.4 (polished finiswith air or rarefied air, for example in vacuum insulation panels
[2123]. The resulting error is not to be neglected. It was shown
that in the transition region in particular the gas thermal conductiv-
ity increases by approximately 70% if a value of 0.8 instead of 0.1 is
used for a [24]. Thus, the goal of this work is to analytically deter-
mine TACs especially for different silica materials in combination
with different gases like helium, air, argon, carbon dioxide (CO2),
sulfur dioxide (SO2), krypton, and sulfur hexafluoride (SF6).
One can find values for individual material pairings in the litera-
ture. Some of them are listed in Table 1. Furthermore, Saxena and
Joshi [25] collected an extensive compilation of measured TAC values
for different material pairings by different authors. The fluctuation of
the available values can be due to the different measuring methods
but also to minimal differences in the surface quality of the materials
or of contaminations on the surfaces. Unfortunately, it is almost
impossible to obtain values for different silica materials and espe-
cially their inner pore surfaces as they can be found in vacuum insula-
tion panels (VIPs).2. Thermal transport theory in porous media
Thermal transport in porous media is composed of three main
mechanisms: thermal conductivity over the solid backbone of the
material λs, radiation λr and gaseous thermal conductivity λg. In a mac-
roscopic surrounding λg is almost independent from the gas pressure p
because of two mutually cancelling effects. As the pressure decreases,
the number of gas molecules involved in heat transfer decreases as
well, which would normally reduce thermal conductivity. The second
effect is, that at the same time the mean free path increases, causing
the individual distances at which the gas particles transport the energy
to become larger, which in turn would lead to an improvement of the
heat transfer [29]. Both effects happen at the same time when chang-
ing the gas pressure in a macroscopic surrounding. The situation
changes if the mean free path gets in the same order of magnitude as
the representative size scale, which bounds the surrounding room. In
this case, the distance at which the energy can be transported in one
step is not limited by the mean free path but by the size of the sur-
rounding volume, which for porous materials is the pore size. Hence,
the thermal conductivity becomes a function of the gas pressure.
A fourth mechanism which basically depends on the microscopic
shape of the material and gas pressure is the coupling effect between
solid and gaseous thermal conductivity λc [30]. This coupling is negli-
gible for most foams [31] but plays a decisive role for silica based
core materials.
This becomes clear when looking at Fig. 1 which shows the differ-
ent heat transfer mechanisms using the example of two touching
spherical particles. Consequently, the thermal conductivity of a silica
material can be described as a sum of these four mechanisms aserature.
Measuring method Temperature [K] Source
thin filament thermal conductivity cell 308.15 [12]
absorption of the radiation of a Qswitched laser 300 [26]
thin filament thermal conductivity cell 298.15 [10]
concentric spherical shells heat flux measurement 314.5 [27]
parallel plates temperature drop measurement 308.15 [28]
h)
Fig. 1. Heat transfer mechanisms in porous media: radiation λr (1), solid thermal con-
ductivity λs (2), gas thermal conductivity λg (3) and coupling effect λc (4), modified
from [32].
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dependent, however, in this work constant and steady state tempera-
ture is assumed.
λ pð Þ ¼ λs þ λr þ λg pð Þ þ λc λg
  ð2Þ
In the present case, particular attention must be paid to the gas
thermal conductivity, since it is decisive for the determination of the
TACs. It can be described with Eq. (7).
λg
0 ¼ λ0 Tð Þ
1þ 2  b  Kn ð3Þ
In Eq. (3) [33] λ0 is the thermal conductivity of the gas at atmo-
spheric pressure and b is a dimensionless coefficient depending on
the thermal accommodation coefficient a and the adiabatic coeffi-
cient of the gas k. It can be calculated via Eq. (4) [33]. The adiabatic
coefficient is the relationship between specific heat capacity at con-








The dimensionless Knudsen number Kn is the decisive dimension-
less parameter for the description of gas thermal conductivities in
rarefied gases. It describes the ratio between the mean free path of
the gas molecules L and a representative physical length scale.
Because the Knudsen model was developed for the case of parallel
plates, the physical length scale would be the distance between the
plates. In a porous material with almost spherical pores, a correction
factor needs to be considered as was mentioned in the previously
published paper [5]. The modified equation for the dimensionless
Knudsen number is shown in Eq. (5).
Kn p; xð Þ ¼ 6L
px
ð5Þ
Now it is obvious how sensitive the TAC is in terms of gas thermal
conductivity. A dependency of gas thermal conductivity plotted over
Kn-number on different TACs can be found in [24]. The mean free
path L is a function of the gas pressure and the kinetic diameter of
the gas molecule. It can be determined according to the kinetic gas
theory using Eq. (6)
L pð Þ ¼ kB  Tffiffiffi
2
p
 p  dkin2  p
ð6Þ
with kB ¼ 1:38  1023 JK as the Boltzmann constant, T as the absolute
temperature and dkin as the kinetic diameter of the gas molecules. A
molecule can have more than one size characterizing dimension if it
is not spherical. The kinetic diameter dkin is the size of the sphere of
influence that can lead to a scattering event [34]. It can be calculatedwith the kinetic gas theory out of the dynamic viscosity or the ther-
mal conductivity of the gas.
Another model to predict the gas-thermal conductivity, which is
considered very similar to the Knudsen model, was proposed by











The decisive difference between this and Knudsen's model is that
neither the thermal accommodation coefficient nor the isentropic
exponent are taken into account. The type of gas is only considered
by the molar mass. It is to be examined whether this is permissible.
Following, if taking into account the pore size distribution of the
silica material, which can be measured with mercury intrusion poros-
imetry, for every pore size x and gas pressure p the dimensionless
Knudsen number Kn can be calculated. This results in a matrix of
dimensionless Knudsen numbers, which can then be used to deter-
mine the gaseous thermal conductivity for every pressure and pore
size using Eq. (3).
The overall gaseous thermal conductivity can now be calculated
via Eq. (8)






with dV as the pore volume which refers to the pore size x, Vmax as
the total pore volume of the material and ’ as the porosity of the sil-
ica material.
As previously mentioned, the solid thermal conductivity λs and
the radiative thermal conductivity λr can be assumed to be constant.
Thus λsr = λs + λr is an offset value, which can be determined by mea-
suring thermal conductivity at a very low pressure level, where λg
and λc are negligible.
The coupling effect was found to be in a linear relationship to the
gas thermal conductivity [30,36], so it is possible to introduce a cou-
pling effect factor f, as it is shown in Eq. (9).
λc ¼ λg  f ð9Þ
In order to fit the calculated gas thermal conductivity with the
measured ones, e.g. using the least square method, like it was per-
formed in [5], a thermal accommodation coefficient must be
assumed. For that reason, the TAC was assumed to have the value “1”
for the gas whose molar mass is closest to that of the solid material.
Because according to the theory
a ¼ 4MsMg
Ms þMg
 2 ¼ 1 MsMgMs þMg
 2
ð10Þ
the TAC is unity if the molar masses of the colliding gas and solid mol-
ecules are equal [33]. In Eq. (10) Ms and Mg are the molar masses of
the solid and the gas respectively.3. Materials and method
For the present investigation, one type of precipitated silica (PS,
co. Grace Germany GmbH) and one type of fumed silica (FS, co. Wacker
Chemie AG) are used. Prior to the measurements, the samples have
been compressed with 5 bar and dried completely. The samples were
heated for about 3 hours at 100°C and an absolute pressure of < 0.1
mbar. They were then stored for longer than 12 h at < 0.1 mbar
For determination of the pore size distribution of the silica materi-
als an “AutoPore III (co. micromeritics, USA)” is used.
To measure the thermal conductivity over the gas pressure, a self-
constructed guarded hot plate apparatus is used. The sample size is
160 £ 160 x  6 mm. The measurement is conducted with a heating
plate temperature of 45°C and a cooling plate temperature of 15°C.
Table 2
Important physical properties of all gases used in the experiments.
Gas name λ0 [W/mK] [37] dkin [nm] K [-] M [g/mol]
Helium (He) 0.1536 0.26 [38] 1.67 4.00
Air 0.02625 0.36 1.40 28.96
Argon (Ar) 0.0177 0.34 [39] 1.67 39.95
Carbon dioxide (CO2) 0.01705 0.33 [40] 1.29 44.01
Sulfur dioxide (SO2) 0.0095 0.36 [39] 1.35 64.06
Krypton (Kr) 0.00949 0.36 [39] 1.67 83.80
Sulfur hexafluoride (SF6) 0.0135 0.55 [39] 1.10 146.05
The kinetic diameter of air molecules was calculated as average value from the cor-
responding individual gases.
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about the measurement apparatus and the uncertainty analysis for
the thermal conductivity measurement as well as a more detailed
description of the pore size measurement can be found in [5].
For the measurements under a certain gas atmosphere, first the
test bench has to be flooded with the corresponding gas to prevent
any influences. Then the vacuum chamber is evacuated in order to
record the measuring points from the lowest pressure upwards. The
used gases and their physical properties are listed in Table 2.
To determine the coupling effect factor f and the accommodation
coefficient a, calculated thermal conductivities need to be fitted to
the measurement results with f and a as variables. Because the molar
masses of the solid surface SiO2 and the gas SO2 are very close to each
other, regarding to Eq. (10) it can be assumed that a is maximum for
this material pairing. Based on this assumption, alpha was set to unity
(a = 1) for that special case, knowing that a complete energy transfer
is unrealistic. Consequently, the coupling effect factor can be deter-
mined by fitting calculated to measured data of SiO2. The coupling
effect is a geometric phenomenon [30] and therefore independent
from the kind of gas. Thus, the coupling effect factor determined with
SO2 remains constant for all gases and the TAC can be fitted accord-
ingly. The whole procedure performed to determine the thermal
accommodation coefficient of the listed gases and the inner pore
walls of silica is presented schematically in Fig. 2.Fig. 2. Flow chart of the performed procedure to determine TACs for different gases.4. Results and discussion
The porosities L of the silica samples measured with mercury
intrusion porosimetry are 0.876 and 0.967 for precipitated and fumed
silica respectively. The pore size distributions of both samples are
plotted in Fig. 3. As expected, fumed silica shows a higher porosity
which is caused by its pearly, open and hierarchic structure com-
pared to precipitated silica which tends to have a bulky and aggre-
gated structure [41]. Their nanopores differ a little. PS and FS show
peaks at around 9.4 nm and 12.5 nm respectively.
The sum of the solid thermal conductivity and the radiation λsr can
be measured at very low pressure conditions and has been found to
be 0.0051W/mK for PS and 0.0062W/mK for FS, both with a standard
deviation of 0.0003 W/mK.
Gas thermal conductivity λg over gas pressure p curves for all
gases are shown in Fig. 4, for PS in the upper graph and FS in the
lower graph. In general, it can be stated that gases with a higher ther-
mal conductivity λ0 show a faster increase in the resulting gas ther-
mal conductivity λg with increasing gas pressure and thus normally
also higher values at atmospheric pressure. However, it also becomes
clear that not only the thermal conductivity but also the molecule
diameter and weight play a decisive role. If SF6 is taken for example,
which with 146.05 g/mol is by far the heaviest and with 5.5 A

the
largest of all tested gas molecules, it can be seen that the increase is
fast in low pressure regions due to the small resulting mean free path
of gas molecules. This means that the dimensionless Knudsen num-
ber is already very small at relatively low pressures, which leads to
the assumption that the gas thermal conductivity is fully developed
at lower pressures. Thus, at higher pressure conditions the curve flat-
tens which results in a comparatively low thermal conductivity at
atmospheric pressure.
The coupling effect factor f for the tested precipitated and fumed
silica material is equal to 3.91 and 0.53 respectively. The resulting
thermal accommodation coefficients are listed in Table 3 as well as in
Figs. 5 and 1. The factors f and a were determined using the method
already described and shown schematically in Fig. 2.
TACs increase with increasing molar mass as long as the gas mole-
cules are of smaller mass than the solid ones and start to decrease
again if this point has been exceeded. This totally fits to Kaganer’s
theory, which is shown in Eq. (10). Because the molar masses of silica
(60.08 g/mol) and SO2 (64.07 g/mol) are very close to each other, this
is where the maximum position of the function is located. However,
the theory shows higher values than the measurements for all gases.
This can have many reasons, but most likely it is because Kaganer's
simple formula is more of an estimate since neither a temperature
influence nor the surface conditions like roughness or adsorption
effects are included. As mentioned, the results are not close to Kage-
ner’s model, but compared to the measurement results listed in
Table 1 they seem explainable. If, for example, the result of CO2 is
compared with [26] where the TAC of CO2 in combination with FS
was also measured, the present result (0.48) is fairly close to the liter-
ature value (0.45) considering that these are different silica products
and measuring methods. It should be noted in the margin that the
adsorption of sulfur dioxide on the silica surfaces might cause modifi-
cations in the surface behavior. It is well known that surfaces coated
with adsorbed gases tend to have higher thermal accommodation
coefficients [20,42,43]. Thus, this effect would underline the assump-
tion of a maximum value for the thermal accommodation coefficient
of SiO2 - SO2. In addition, the measurements for all gases show
slightly higher values for precipitated than for fumed silica. This
behavior may be related to the hydroxyl groups on the surface of sil-
ica particles. Due to their production process in general precipitated
silicas have more hydroxyl groups than pyrolytically produced silicas
[44]. Surface groups that are not integrated into the amorphous solid
structure and are thus more weakly bound tend to increase the
accommodation coefficient [45]. This could be the explanation for the
Fig. 3. Pore size distribution of precipitated and fumed silica samples measured with mercury intrusion porosimetry.
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higher purity than precipitated silica [46]. Impurities consist mainly
of various salts from the wet-chemical precipitation process. If the
impurities are regarded as surface contamination, which tends to
lead to an increase in the accommodation coefficient [47], this could
also be a reason for the higher values.
Another interesting finding from the measurements is the clearly
different coupling effect factor f of precipitated and fumed silica. FS
has a coupling effect factor of only 0.53 while the PS investigated has aFig. 4. Gas thermal conductivity of different gases in precipitated silica (upper graph)
and fumed silica (lower graph) as a function of the residual gas pressure, y-axis is split
between 0.025 and 0.05 W/mK at the upper and between 0.017 and 0.03 W/mk at the
lower plot for better legibility.coupling effect factor of 3.91. That is a result of their different structure
in the two to three-digit nanometer range and thus an indication that
the coupling effect mainly takes place in this order of magnitude. Both
silica types have primary particles around 10 nm. Despite this, as men-
tioned, their aggregate structure is very different. The two touching
spheres pictured in Fig. 1 could be understood to mean that the cou-
pling effect takes place between the primary particles, but this is not
correct. The gussets between the primary particles are so small that
even at atmospheric pressure there is no gas thermal conductivity and
thus no coupling effect between solid and gas thermal conductivity. If
one imagines the spherical structure depicted as a spherical aggregate
of precipitated silica, however, one understands why the coupling
effect factor is greater here than in the case of fumed silica.
Fig. 6 shows a comparison of the present results including thermal
accommodation coefficient and coupling effect to the measured data
of PS and krypton as an example. Additionally, thermal conductivity
calculated with the measured pore size distribution of PS and the
model of Bourret [35] are plotted in the graph. One can see that it is
not possible to represent the heat transfer in silica samples with this
model. It is not expedient to neglect the thermal accommodation
coefficient as it depends very much on the substance pairing and
does not only correlate with the molar mass of the gas. Supplement-
ing the coupling effect in Bourret's model does not lead to consistent
values, although the coupling effect only depends on the geometry of
the solid structure. Thus, it should be independent of the type of gas.
Note: Raw data of thermal conductivity measurement as well as
pore size distributions are available via “Mendeley Data”.5. Conclusion
In the presented work thermal conductivity of two silica samples
one precipitated and one fumed has been measured under rarefied gas
conditions in combination with the gases helium, air, argon, carbonTable 3
Thermal accommodation coefficients for different silica materi-
als in combination with different gases.








Fig. 5. Thermal accommodation coefficients of different gases with different molar masses compared with the results based on the theory of Kaganer; the dotted vertical line shows
the molar mass of the solid material SiO2.
Fig. 6. Comparison of Bourret’s [26] model with the presented method of calculation
and measured data for precipitated silica and krypton as an example.
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(SF6). The pore size distribution of both samples has been measured
with mercury intrusion porosimetry. A calculation procedure is pre-
sented to predict gas thermal conductivity as a function of the pore size
and gas pressure. In this regard, the coupling between solid and gas
thermal conductivity is also taken into account. Furthermore, thermal
accommodation coefficients for the inner pore wall-gas boundary layer
of silica could be determined experimentally for the first time. The TACs
are very important for the complete understanding of the thermal pro-
cesses in silica materials used for vacuum insulation panels. Until now it
was common practice to assume a value of a = 1 for air. If one considers
the determined result of a = 0.42 and a = 0.32 for air and precipitated
and fumed silica, respectively, it becomes clear that this assumption
should be reconsidered. The authors make no claim of total accuracy for
the values determined because the values are not measured directly but
calculated through measurements of the overall heat flux of the sam-
ples. In addition, a = 1 was assumed for SO2 which is certainly not cor-
rect in a mathematical sense. On the one hand, the molecular masses ofSO2 and SiO2 are not exactly identical and on the other hand, a loss-free
energy transfer is rather unlikely even with the same molecular masses
of gas and solid surface. Nevertheless, the results have a considerable
benefit compared to previous practices in the application of the Knud-
sen model especially in the field of vacuum insulations. The measure-
ment results for the TACs show an almost linear curve when plotted
above the molar mass. They rise with increasing molar mass of the gas
up toMg = Ms and then decrease again linearly with a smaller slope. The
basic course is therefore identical to that proposed by Kaganer. In addi-
tion, the method presented is compared with a model in which the
thermal accommodation coefficient does not occur. It could be shown
that the thermal accommodation coefficient cannot be neglected in any
case. Furthermore, it was established that the assumption of too high
thermal accommodation coefficients leads to an underestimation of the
coupling effect. That newly generated findings should be taken into
account in future investigations in this field.
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